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Abstract. Phase contrast imaging is widely used for imaging beam sensitive and weak phase 
objects in electron microscopy. In this work we demonstrate the achievement of high efficient 
phase contrast imaging in STEM using the pnCCD, a fast direct electron pixelated detector, 
which records the diffraction patterns at every probe position with a speed of 1000 to 4000 
frames per second, forming a 4D STEM dataset simultaneously with the incoherent Z-contrast 
imaging. Ptychographic phase reconstruction has been applied and the obtained complex 
transmission function reveals the phase of the specimen. The results using GaN and Ti, Nd-
doped BiFeO3 show that this imaging mode is especially powerful for imaging light elements 
in the presence of much heavier elements. 
1.  Introduction 
Phase contrast imaging using elastic electron scattering has been shown to provide the highest dose 
efficiency for imaging weak phase objects for a given amount of radiation damage, as compared to 
inelastic electron scattering, as well as to X-ray and neutron scattering1. Therefore phase contrast 
imaging in the conventional transmission electron microscope (CTEM) continues to play a critical role 
in many biological studies.  
There has been growing interests in developing phase contrast imaging modes in the scanning 
transmission electron microscopy (STEM), because of its flexibility in allowing innovations in 
detector geometry without modifying the main optics of the electron column and the ability to 
simultaneously record incoherent and analytical signals. For example, annular bright field (ABF) 2-4 
and differential phase contrast (DPC) 5,6 have been demonstrated as being sensitive to light elements 
and electrical/magnetic fields. However, recent studies have shown that bright field (BF) and ABF are 
not efficient for imaging weak phase objects because interferences between diffracted and direct 
beams carrying positive and negative phases cancel under zero aberrations using any centrosymmetric 
detector geometry7,8. The greatest signal is obtained if the regions of constructive and destructive 
interferences are covered by separate detectors9.  
This can be achieved by using fast pixelated detectors that record the CBED pattern at every probe 
position forming a 4-dimensional dataset. The phase can be extracted through post-processing using a 
method called ptychography10, which makes use of the redundancy in the 4D dataset. Various 
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ptychographic reconstruction methods have been developed in both electron and X-ray microscopy to 
retrieve the phase through either iterative11,12 or direct inversion approaches13–15. Partially due to the 
practical difficulties in recording the 4D dataset due to limited camera speed, the most common 
practice in literature was to use a defocused probe16 to increase the illuminated area, thus reducing the 
number of probe positions needed to ensure overlapping between the neighboring probe illuminating 
areas in order to solve the ambiguity in phase. However, with recent advances in detector technology, 
which have massively improved the camera speed, 4D STEM can be recorded with a large number of 
probe positions and a sub-Ångström focused probe that makes full use of the aberration corrector. In 
this way incoherent Z-contrast imaging with a high angle annular dark field (HAADF) detector and 
even analytical signals can be obtained simultaneously with the diffraction patterns that yield the 
reconstructed phase. 
Here in this work we show that making use of a fast pixelated detector installed on an aberration 
corrected STEM, 4D datasets recorded using an aberration corrected electron probe combined with 
ptychography offers a new phase contrast imaging mode in STEM and opens opportunities for 
imaging weak phase objects and detecting light elements with high efficiency. 
2.  Experimental methods 
The experiments were performed using a pnCCD (S)TEM camera, a direct electron radiation-hard 
pixelated detector from PNDetector GmbH, mounted on a JEOL ARM200CF aberration corrected 
microscope. This camera delivers a readout speed of 1000 full frames per second (fps) routinely17, and 
up to 20,000 fps through binning/windowing. For a typical STEM scanning consisting of 256x256 
probe positions, a 4D dataset consisting of 264x264 pixel diffraction patterns for each probe position 
can be recorded in less than 70 seconds. Figure 1 shows single frames of the convergent beam electron 
diffraction (CBED) patterns recorded at different detector binning levels and frame times, and single 
electron events can be seen clearly in the dark field regions. Synthetic BF, ABF and DPC images can 
also be obtained from the diffraction patterns, with the full flexibility to tune the collection angles in 
ABF and partition direction of the DPC segments. Z-contrast HAADF images were usually recorded 
simultaneously using an annular dark field (ADF) detector.  
3.  Results and discussion 
The ptychographic reconstruction approach applied to the 4D datasets used in this work follows 
Rodenburg et al.14 The reader is referred to the previous works14,7 for the details of the reconstruction 
procedure. By taking the Fourier transform of the 4D dataset with respect to probe positions, 
interferences between the direct beam and the diffracted beams of specific diffraction angles can be 
isolated in the detector plane, and the phase information can be extracted from the regions of disc-
overlapping between the direct and diffracted beams. An experimental example of the overlapping 
discs from an Au nanoparticle sample at a single spatial frequency is shown in Figure 2. The two 
diffracted discs overlap with the direct beam to form single overlap regions, and all three discs overlap 
to form a double overlap region in the middle. Under the weak-phase approximation, the two sides of 
the single overlap regions are “flat” and π out of phase, and the phases in the double overlap 
completely cancel. Therefore the complex quantity can be integrated from one side of the disc-
overlapping regions at each spatial frequency, and the phase can be reconstructed by calculating the 
inverse Fourier transform of the integrated phase with respect to probe positions.  
 
 
Figure 1.  Examples of individual 
frames of CBED patterns consisting of 
primarily the bright field disk with 
three different binning and speed: (a) 
1000 fps without binning, (b) 2000fps 
with 2-fold binning and (c) 4000 fps 
with 4-fold binning. 
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Figure 2. An experiment example of the (a) 
modulus and (b) phase of the interference between 
the direct beam (solid circle) and two diffracted 
beams (dashed circles) in the detector plane, 
showing single and double disc-overlapping 
regions. The colour-bar in (b) is in unit of radian. 
 
Experiments have been applied to an Au nanoparticle on a carbon support. The simultaneous 
HAADF, ABF, and the modulus and phase of the phase reconstruction from an Au nanoparticle with 
five-fold twinning have been obtained and shown in Figure 3a-d). The ptychographic phase 
reconstruction shows good contrast in both the modulus and phase across thick and thin regions of the 
nanoparticle. In comparison, the synthetic ABF image shows decreasing contrast towards the edge of 
the Au nanoparticle, suggesting that ABF, as a nonlinear imaging mode, is not very efficient when the 
specimen is very thin, and relies on phase shift from lens aberrations and defocus to form the image 
contrast for thin specimens that obey a weak phase object approximation3. The improved contrast in 
ABF with increasing thickness can be ascribed to the multiple scattering channelling processes18. 
Furthermore, the ptychographic reconstruction shows a clearer texture in the carbon support region 
than in the ABF, indicating its high sensitivity to weakly scattered objects. Moreover, based on the 
reconstructed phase in unit of radians, the projected potential can be directly calculated using the 
interaction constant, and the atomic electric field could also be derived by calculating the first 
derivative of the potential19. 
 
 
 
Figure 3. Simultaneous 
ADF, synthetic ABF, and 
the reconstructed amplitude 
and phase of (a-d) an Au 
nanoparticle and (e-h) GaN 
bulk lattice viewed along 
[21̅1̅0]. The probe forming 
aperture for cases is about 
14.4 mrad, and the 
synthetic ABF has a 
collection angle of 7.2-14.4 
mrad. 
  
The results of ptychographic phase reconstruction of GaN viewed along [21̅1̅0] demonstrates the 
sensitivity to imaging light elements, as shown in Figure 3e-h. N columns are not clearly visible in the 
ABF image (Figure 3f) using a 14mrad semi-angle convergence aperture with a theoretical resolution 
of about 0.9 Å. In contrast, the Ga-N dumbbells are clearly resolved in the reconstructed complex 
transmission function. The N columns give their clearest contrast in the phase image (Figure 3h). And 
in the modulus the major peak corresponds to the heavy Ga column because the modulus contrast 
comes primarily from absorption (Figure 3g). 
Ptychographic phase reconstruction has also been applied to charged antiphase domain boundaries 
in Nd, Ti doped BiFeO3
20,21. Oxygen columns are clearly resolved in both the bulk and the boundary 
(Figure 4), which are not seen in the HAADF image, and are barely visible in the ABF image. The 
Fe/Ti columns are strong features in the reconstructed phase, as might be expected. On the other hand, 
the Bi columns show broad but rather low intensity diffused features in the reconstructed phase. This 
is almost certainly caused by strong phase shifts on these high-Z columns, leading in the direction of a 
contrast inversion, as is commonly observed in phase contrast high resolution TEM (HRTEM). 
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Nevertheless, the region is still thin enough that all atoms are imaged in positive contrast using this 
ptychographic reconstruction method under the weak phase approximation. 
 
Figure 4. HAADF, synthetic ABF and the reconstructed phase of an antiphase boundary in Ti, Nd 
doped BiFeO3. It should be noted that the oxygen positions which are invisible in the HAADF image 
appear in the phase image as small yellow peaks. The larger red peaks are B-site Fe columns, the blue 
peaks are B-site Ti columns, and the bright purple peaks are A-site (Bi/Nd) columns. 
4.  Conclusion 
In conclusion we have shown that using a pnCCD pixelated detector, a highly efficient phase contrast 
imaging mode may be achieved by applying ptychography to the 4D STEM datasets, which opens 
various fields of applications for imaging weak phase objects and light elements, which are 
complementary to the well-established incoherent Z-contrast imaging in STEM. 
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